Objective: To establish and evaluate the effectiveness of a comprehensive next-generation sequencing (NGS) approach to simultaneously analyze all genes known to be responsible for the most clinically and genetically heterogeneous neuromuscular diseases (NMDs) involving spinal motoneurons, neuromuscular junctions, nerves, and muscles.
long-term care plans. [3] [4] [5] [6] [7] The recent development of next-generation sequencing (NGS) has accelerated the discovery of novel NMD phenotypes and genotypes, [8] [9] [10] [11] including the identification of mutations in 5 large NMD genes (TTN, NEB, SYNE1, RYR1, and DMD 1, 4, [8] [9] [10] [11] [12] ) (table e-1 at Neurology.org/ng). With the ever-increasing number of causative genes and clinical heterogeneity, a comprehensive molecular approach with the feasibility to add newly discovered genes for analysis in a cost-and time-effective manner is needed. 1, 4, 7, [12] [13] [14] [15] [16] A recent study using PCR enrichment and NGS approach to analyze 12 genes known to cause congenital muscular dystrophy (CMD) on 26 samples with known mutations 17 reported that 49 exons (15%) had insufficient coverage (,203) . 17 Among 15 known variants, 6 (40%) were not detected. Similar studies on congenital myasthenic syndrome (CMyS), 18 Charcot-Marie-Tooth disease (CMT), 19 Duchenne/Becker muscular dystrophy, 20 and metabolic myopathy (MM) 21, 22 have demonstrated the clinical utility of NGS in specific disease categories. Nevertheless, these are small-scale studies focusing on subcategories of NMDs. Here, we describe a comprehensive target gene capture/NGS approach, analyzing 236 genes.
METHODS Standard protocol approvals, registrations, and patient consents. This study was conducted according to the Institutional Review Board-approved protocols of both Kaohsiung Medical University Hospital, Taiwan, and Baylor College of Medicine (BCM), Houston, TX. A signed informed consent was obtained for each participant.
Patients and DNA samples. Patients were clinically evaluated in Taiwan, and DNA samples were analyzed at BCM. DNA samples from 35 unrelated families (38 patients) with clinical diagnoses of NMD who underwent electrophysiologic examination and muscle imaging and/or muscle biopsies were analyzed. Patients with a proven common genetic diagnosis of spinal muscular atrophy, Duchenne muscular dystrophy, myotonic dystrophy types 1 and 2, CMT type 1A, or facioscapulohumeral muscular dystrophy were not included in the study. The initial diagnoses included congenital myopathy (CM) (23 patients), CMD (5), limb-girdle muscular dystrophy (LGMD) 23 (4) , CMT (3), MM (2) , and myotonic syndrome (MTS) and ion channel muscle disease (1) . DNA was extracted from peripheral blood using a Puregene DNA extraction kit according to manufacturer's instructions (Gentra Systems Inc., Minneapolis, MN).
Design of capture probes and target gene enrichment. The capture probe library contained 236 genes, most of which were selected from the 2012 version of the gene table of monogenic NMDs. 24 We categorized NMDs and their causative genes into 10 groups, including MM, CMD, CM, other myopathies, motor neuron disease, CMyS, arthrogryposis multiplex congenita, MTS and ion channel muscle diseases, CMT, and other muscular dystrophies as listed in table 1. Mitochondrial genes were not included.
A custom NimbleGen in-solution DNA capture library was designed to capture all 4,815 coding exons and at least 20 bp flanking intron regions of the 236 NMD-related genes. The NM accession numbers of the genes are listed in table e-1. The coding regions were enriched according to manufacturer's instructions (Roche NimbleGen Inc., Madison, WI) and sequencing was performed on HiSeq2000, as previously described. 21, 25 Sequence alignment and analytical pipeline for variant calling. Conversion of raw sequencing data, demultiplexing, sequence alignment, data filtering, and analyses using CASAVA v1.7, NextGENe software were performed as previously described. 21, 25 Multiple in silico analytical tools, such as SpliceSiteFinder-like, MaxEntScan, NNSPLICE, and GeneSplicer, were used to predict the effects of splice site variants (Alamut, http:// www.interactive-biosoftware.com). SIFT 26 and PolyPhen-2 27 were used to predict the pathogenicity of novel missense variants. The pathogenicity of the variants was categorized according to published databases, such as Human Gene Mutation Database (http://www. biobase-international.com/product/hgmd), PubMed (http://www. ncbi.nlm.nih.gov/pubmed), and American College of Medical Genetics guidelines. 28 The analytical flowchart is depicted in figure e-1. All mutations and novel variants identified by NGS were confirmed independently by Sanger sequencing. 21, 25 Family members, if available, were also tested to evaluate the mode of inheritance, disease segregation, and clinical correlation.
Detection of deletions using sequence read coverage data from NGS. We used a newly developed analytical method to detect exonic deletions using the same set of NGS data by comparing the normalized coverage depth of each individual exon of the test sample with the mean coverage depth of the same exon from a group of 20 reference samples. 29 
RESULTS
Characteristics of target gene capture and sequence depth. More than 99.4% (4,787/4,815) of the target sequences were enriched in an unbiased fashion, with a minimal coverage of 203 and a mean coverage depth of 1,1363 per base ( figure 1 ). An average of 28 exons per sample was consistently insufficiently sequenced (,203) due to the high GC content, sequence homologies in the genome, short tandem repeats, or secondary structural difficulties (table e-2).
Clinical history. A total of 35 unrelated affected families (38 patients) with clinical diagnosis of NMD were studied. Among them, 3 families had 2 affected family members (patients 4/6, 19/20, and 25/26). The male to female patient ratio was about 1 to 1. The majority of patients (27/38, 71%) presented with paralytic floppy infant syndrome (PFIS). The clinical and pathologic features are summarized in table 2.
Identification of mutations. Figure e-1 illustrates the analytical algorithm for the identification of diseasecausing variants. The approximate number of variants in each step of analysis is included. DNA sequence variants were considered deleterious if they led to a translational frameshift, exon skipping, or stop codon or if they were previously reported in affected patients. Table 2 figure 2A) . He was homozygous for the c.199-10T.G Asian common splice mutation in Figure 1 Coverage depth of 4,815 coding exons of the neuromuscular disease panel A total of 236 genes responsible for the neuromuscular disorders are listed as 10 categories of diseases.
Repeated genes are shown in boldface type, and the number of repeated genes is in parentheses. (14) 2 22 which is responsible for carnitine acylcarnitine translocase deficiency (CACTD). Each of his parents was a carrier. Patients 3 and 46 with central core disease (CCD) had AR RYR1 mutations and an AD de novo RYR1 mutation, respectively; patients 25 and 26 (siblings) with centronuclear myopathy (CNM) also had AR RYR1 mutations (figure 2B). Patients 11 (figure 2C) and 21 with multiminicore disease had mutations in SEPN1; 2 had nemaline myopathy (NM) and heterozygous ACTA1 mutations (patients 9 [ figure 2D ] and M495). Patient 16 with merosin-negative CMD had mutations in LAMA2; patients 19 and 20, a mother and son with CMT, had an AD mutation in MFN2; patient 51 with dysferlinopathy and LGMD2B, a consanguineous product, had a homozygous deletion of exon 5 of DYSF; patient 52 and her affected sister with LGMD had the same compound heterozygous mutations in CAPN3; and patient 27 with myotubular myopathy carried a de novo MTM1 mutation (X-linked).
SLC25A20,
Ambiguous or nonspecific muscle pathology findings clarified by molecular diagnosis. Sometimes the pathology findings from a muscle biopsy can be ambiguous and/or not completely consistent with the known phenotype caused by a specific disease gene. Massively parallel sequencing of a group of genes can resolve the uncertainty. Four families belong to this category (R2 in table 2). Patient 12 had reduced a-dystroglycan undiagnosed CMD with end-stage pathologic muscle changes. Compound heterozygous mutations in a protein glycosylation gene (POMT1) were identified and confirmed by parental studies. Patient 17 had nonspecific muscle findings with a clinical diagnosis of a myotonic disorder. He was found to have mutations in a chloride ion channel gene (CLCN1) and confirmed to have an AR myotonia congenita. Patient 33, a 2.7-year-old girl, presented with a myopathic face, high-arched palate, scoliosis, and swallowing and respiratory difficulties since birth. Her muscle pathology revealed nondiagnostic end-stage myopathic changes, although clinically she exhibited typical CM. NGS analysis revealed compound heterozygous mutations in RYR1, which confirmed the diagnosis of CM. Patient M516 had muscle pathology findings suggestive of an atypical NM and was found to have AR RYR1 mutations: one frameshift mutation and another missense mutation predicted to be deleterious. Each parent is a carrier for one of the mutations. This patient adds to the short list of NM cases caused by RYR1 mutations. 30 Intercategory expansion of phenotype and genotype. Four families had molecular diagnoses in genes belonging to a subcategory that was not suspected in the original clinical evaluation (R3 in table 2). Patient 18 was originally diagnosed as having infantile-onset unclassified CMT. The identification of compound heterozygous mutations in IGHMBP2 confirmed the diagnosis of spinal muscular atrophy with respiratory distress type 1 (SMARD1), mainly affecting motor neurons rather than peripheral nerves. Patient 32, a 32-year-old man, had gait disturbance and mild lower leg weakness with an elevated creatine kinase since he was first evaluated at age 20. Muscle biopsy revealed nuclear internalization without evidence of dystrophic changes in 10% scattered fibers, favoring a diagnosis of CNM ( figure 2E ). The identification of a homozygous frameshift c.26_33dup (p.Glu12Argfs*20) mutation in TCAP confirmed the diagnosis of LGMD type 2G. Patient 29, a 22-year-old man, was suspected of having an MM due to periodic muscle weakness, abnormal findings in his metabolic profile, and vacuolar myopathy in his muscle biopsy. An AD heterozygous novel mutation inherited from his mother was identified, c.4639C.T (p.Arg1547Trp) in CAC-NA1S, encoding a calcium channel protein, consistent with hypokalemic periodic paralysis. AD CACNA1S mutations have been found in Asian men with periodic muscle weakness and risk for malignant hyperthermia (MH), but they exhibit lower penetrance in women. 31 Patient 1 showed a positive Gowers sign and waddling gait when first evaluated at 4 years of age; however, the EMG, nerve conduction velocity, and muscle pathology were unremarkable at that time. The finding of the AD SPTLC2 mutation c.1292G.A (p.Gly431Asp), confirmed clinically and genetically in his biological father, established the unexpected diagnosis of a neuropathy (hereditary sensory and autonomic neuropathy [HSAN] type 1C).
Interesting cases with likely diagnosis and expansion of phenotype/genotype. Eight families had novel phenotype/genotype diagnoses that require further functional evidence of pathogenicity (R4 in table 2). Patient 56 had a clinical and pathologic diagnosis of LGMD. NGS revealed 3 TTN variants: the c.9216113A.T from the father was predicted to abolish the normal splice site, while a novel c.14987G.A (p.Arg4996Gln) variant in cis with another variant, c.6490G.A (p.Ala2164Thr), were both inherited from the mother. These 2 missense variants were predicted to be deleterious by PolyPhen-2 and SIFT. Mutations in TTN can cause AR LGMD type 2J. The growing genetic complexity and emerging phenotypic variability for recessive and dominant TTN variants make the assignment of definitive pathogenicity to many TTN variants difficult and delay our understanding of the pathogenic mechanism of the largest protein known to date. 32 In addition to compound heterozygous TTN variants of unknown significance (VUS), patients 36 and 48 each had a heterozygous truncating mutation (a splice (table 2) . 33 Each patient inherited the deleterious NEB allele from the father. Despite the absence of the second mutant allele, muscle biopsy of patient 36 revealed only a nonspecific type 2B fiber atrophy, while patient 48 did show an NM (figure 2F). Patient 54 was suspected of having Emery-Dreifuss muscular dystrophy (EDMD) due to the X-linked EMD gene, of which his mother was a carrier. His cardiac phenotype of complete right bundle branch block may be due to an emerin mutation, but his clinical and pathologic features are not typical of EDMD. The positive emerin staining in the muscle biopsy did not rule out a pathogenic role of this emerin variant. 34 Defective genes and diagnostic yields. In our patient cohort, CM was the most common diagnosis (23/38, 61%), followed by CMD and LGMD. Since parallel analysis of all 236 NMD-related genes in a clinically validated panel is a recent innovative approach to testing, the majority of mutations/variants are "novel." Theoretically, all missense variants should be classified as VUS until a functional defect can be demonstrated. However, if a VUS is found in patients with a consistent clinical phenotype, family pedigree, and muscle biopsy findings and is predicted to be deleterious, then it is classified as likely pathogenic.
AR disorders account for about half of the cases, while AD cases account for about a quarter. Overall, our NMD gene panel analysis provides a diagnostic yield of 29/35 (83%), which is the highest reported in complex NMD cases in the NGS era.
DISCUSSION To date, except when using wholeexome sequencing and whole-genome sequencing for novel gene discovery, most NGS studies have focused on a specific NMD category, such as CMD, 17 CMyS, 18 CMT, 19 dystrophinopathy, 20 glycogen storage disease, 21 or CACTD. 22 In this report, we analyzed 236 genes responsible for 10 NMD subcategories. Surprisingly, some patients were found to harbor mutations in genes responsible for disease categories that were not initially considered (IGHMBP2, TCAP, SPTLC2, CACNA1S). This observation confirms that clinical features, muscle imaging, and muscle pathology may be suggestive of a specific diagnosis but that the ultimate diagnosis relies on the identification of mutations in the causative gene(s). Furthermore, some patients are evaluated at a very early or late stage of their disease, when the details of their early clinical course may not be available and the muscle pathology may provide limited information. Under these circumstances, it is very difficult to focus on a specific disease category for the analysis of a single gene or a few genes. Thus, comprehensive NGS analysis of all NMD-related genes provides a cost-effective way to identify causative mutations. Evidence for this is provided by patient 1. The mutation analysis not only established the unexpected diagnosis of HSAN type 1C but also underscored the importance of molecular diagnosis through NGS. 35 Similarly, patient 18 was originally diagnosed as having congenital neuropathy, CMT type. The identification of mutations in IGHMBP2 changed the final diagnosis to SMARD1 and further expanded the intercategory phenotype/ genotype. 36 The identification of IGHMBP2 mutations facilitated the subsequent prenatal diagnosis that resulted in a normal fetus.
Our comprehensive NGS approach achieves a diagnostic yield of 83% for the highly genetically and clinically complex NMDs. Our capture/NGS approach has at least 2 unique advantages: (1) a comprehensive evaluation of 236 target genes to minimize variations in the coverage depth of individual exons, and (2) deep coverage depth at a mean of .1,0003 per base, leaving only ;0.6% of coding exons containing insufficiently covered (,203) sequences requiring PCR/Sanger to complete. Thus, consistent coverage of individual exons allows the detection of deletions in .99% of targeted exons. 29 This is demonstrated by the identification of a single exon deletion in patient 51 (figure not shown) and by patients 25 and 26 (siblings), in whom both NGS and Sanger sequence analyses identified a heterozygous point mutation (p.Thr3220Ala) in RYR1 ( figure 3A) , while copy number analysis using the same set of NGS data detected a heterozygous single exon deletion ( figure  3B ). The deletion was confirmed by using PCR across the deleted exon ( figure 3C) , showing the reduced size of PCR product ( figure 3D ).
Sequence variations in RYR1 and TTN are frequent. This may be related to their relatively large size. Patients with mutations in these 2 genes may exhibit diverse clinical phenotypes and variable muscle pathology. For example, in our patient cohort, both AR and AD RYR1 mutations were identified in muscle biopsies of patients with CCD (patient 3 AR and patient 46 AD), CNM (patient 26), CM with end-stage myopathic change (patient 33), atypical NM (patient M516), and nonspecific findings (patient 1). Patients with RYR1 mutations may also be predisposed to MH. Thus, attention should be paid in anesthetic arrangements to avoid iatrogenic morbidity. 37, 38 Although NM is one of the most common types of CM, 12 we found only 2 patients with AD inheritance (9 and M495), both of whom had ACTA1 mutations.
The TTN gene has not been extensively studied, likely in part due to its size. Sequencing of this LGMD, and others, with highly variable muscle biopsy findings. 1, 8, 11, 39, 40 In this study, we have demonstrated the power of target gene capture followed by NGS. This comprehensive approach confirms clinical and pathologic diagnoses when the phenotype is consistent with the causative gene. It also clarifies a patient's underlying genetic cause when a muscle biopsy finding is ambiguous or does not comport with the clinical phenotype. Since the number of genes analyzed is large, it often identifies mutations in genes that may not have been considered in the clinical differential diagnosis, therefore expanding the phenotype/genotype relationship. Although ultimately this comprehensive noninvasive approach is much less expensive and more definitive for molecular diagnosis of the heterogeneous and complex NMDs, muscle pathology and thorough clinical evaluation are still important in the final clinical phenotype/genotype correlation, particularly at the early stage of expanding phenotype/genotype.
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